[1] 10 Be found in ice cores is an indicator of cosmic ray intensity in the past. We use this isotope to study cosmic ray transport and the heliospheric magnetic field before the advent of instrumental cosmic-ray measurements in the modern space era. The galactic cosmic ray intensity is governed by scattering, convection, and drift of the charged particles in the heliospheric magnetic field, which leads to a modulation in their intensity. We model these cosmic ray intensity changes observed at Earth during the space era with solutions of the cosmic ray transport equation. This gives a set of diffusion mean free paths during the past few solar activity cycles. A relationship is then determined between these diffusion mean free paths and satellite observations of the heliospheric magnetic field during the same period, yielding a relationship between the observed cosmic ray intensity and the heliospheric magnetic field. We then calculate the diffusion mean free paths that explain the variations in the 10 Be concentration during the last millennium and use the space-era calibration to infer heliospheric magnetic field since 850 AD. It is shown how this inversion of the 10 Be data depends on the strength of the heliospheric magnetic field and variations in its turbulence, both of which are quite uncertain. Nevertheless, the results show that for a wide range of parameters, there was a significant heliospheric magnetic field with a strength of 2 to 5 nT at Earth during the so-called Grand Minima of solar activity. It is also shown that the strength of this field has attained six maxima in the past 1150 years, all approximating the present-day field strength, and we speculate that a limiting mechanism may be in operation. On several occasions the strength of the field has switched rapidly from %2 nT to %6 nT within 40 years. During the Grand Minima the total field derived from the 10
Be concentration during the last millennium and use the space-era calibration to infer heliospheric magnetic field since 850 AD. It is shown how this inversion of the 10 Be data depends on the strength of the heliospheric magnetic field and variations in its turbulence, both of which are quite uncertain. Nevertheless, the results show that for a wide range of parameters, there was a significant heliospheric magnetic field with a strength of 2 to 5 nT at Earth during the so-called Grand Minima of solar activity. It is also shown that the strength of this field has attained six maxima in the past 1150 years, all approximating the present-day field strength, and we speculate that a limiting mechanism may be in operation. On several occasions the strength of the field has switched rapidly from %2 nT to %6 nT within 40 years. During the Grand Minima the total field derived from the 10 Be data differs significantly from the open solar magnetic field calculated from the models of Solanki et al. [2002] and Schrijver et al. [2002] .
Introduction
[2] The first measurements of the heliospheric magnetic field (HMF) were made in 1962, and essentially continuous measurements have been made ever since near the orbit of Earth. Spacecraft such as Voyagers 1 and 2, Pioneers 10 and 11, and Ulysses have measured the field to a distance of 90 AU from the Sun and at high solar latitudes. These measurements have confirmed that the field is basically of the form proposed by Parker [1958] , wherein a supersonic solar wind transports solar magnetic field to the limits of the solar system. Observations during the last decade by Ulysses [e.g., Forsyth et al., 1996] indicate important and interesting deviations from this basic structure. Figure 1 shows measurements of the HMF at the position of Earth, retrieved from the omnitape set of data available at http:// nssdc.gsfc.nasa.gov/cohoweb/cw.html. It shows 3-monthly running average values of the field magnitude, calculated from daily values on the tape. These direct measurements indicate that since 1962 the strength of the near-Earth field was about 5 nT near the four sunspot minima in 1965, 1976, 1987, and 1997 , while at the intervening solar maxima it had values ranging from 7 to 10 nT.
[3] Several models have been developed to describe the evolution of the solar magnetic fields during the solar cycle and the manner in which a small fraction of the Sun's magnetic flux extends into the heliosphere as the ''open'' field of the Sun [Wang et al., 2000; Fisk and Schwadron, 2001; Schrijver et al., 2002; Solanki et al., 2002] . They are all based upon the observed emergence of magnetic fields in the sunspot and other regions of the Sun and their subsequent diffusion and magnetohydrodynamic transport across the surface of the Sun. However, their basic methodology and assumptions of what constitutes the open field are quite different. They are based upon assumptions and processes that yield the observed characteristics of the 22-year heliomagnetic cycle. Through the choice of appropriate parameters, these models can predict the observed 22-year heliomagnetic cycle and the 11-year variation in the strength of the HMF.
[4] There is clear evidence that the level of solar activity has changed substantially over the past 400 years. The occurrence of sunspots and auroral activity has changed greatly during that time, from periods of very low frequency of occurrence (e.g., the Dalton minimum of 1810 -1820 and the Maunder minimum of 1645 -1715) to a high frequency of occurrence in the last half of the 20th century. In particular, the period since 1962, used in this paper to calibrate the parametric models of the solar and heliospheric fields, has been the most active period in recorded history: the peak sunspot numbers were in the top decile, and the sunspot numbers at sunspot minimum were also the highest in recorded history. For this reason, the periods of low solar activity lie well outside the calibration range of the parametric models, and they cannot be used with any confidence to predict the solar and heliospheric fields at times of low solar activity, until an independent means of testing their validity becomes available.
[5] The transport of cosmic ray particles of energy <10 GeV is governed by the strength, spatial structure, and turbulence of the HMF, and as a consequence the intensity of the radiation is strongly modulated by changes in the HMF that are associated with solar activity. Detailed studies of the cosmic radiation with neutron monitors, other ground-based detectors, and in space have led to the validation of the cosmic ray transport equation as first enunciated by Parker [1965] , as will be discussed later. Cosmic ray transport theory predicts that the cosmic ray intensity at Earth can be related to the strength of the HMF and its scattering properties, induced by turbulence and magnetohydrodynamic shocks in the solar wind. Thus the cosmic ray intensity at Earth can be regarded as a measurement of the integrated properties of the HMF, and the cosmic ray transport equation can then be used to invert the measured intensity to yield the properties of the HMF. This inversion process is described in section 4.
[6] On the entering the atmosphere, the galactic cosmic radiation generates secondary protons and neutrons that 1982, 1989, and 1991 . These large peaks reflect intense solar activity over these periods and strong CMEs that make a significant contribution to B at 1 AU and evolve into large GMIRs in the outer heliosphere. then produce the cosmogenic nuclides (e.g., 10 Be, 14 C) through spallation reactions with N and O. In view of this, Lal and Peters [1962] predicted that the production of the cosmogenic nuclides in the Earth's atmosphere would be strongly modulated by the temporal variations in the cosmic radiation, known to be associated with solar activity. The cosmogenic nuclides are subsequently sequestered in terrestrial archives; for example, in the annual layers of snow precipitated in the polar caps in the case of 10 Be and in biological material in the case of 14 C. The concentrations of 10 Be in the annual layers of ice cores obtained from the polar caps therefore provide a means to study the temporal variation of the cosmic radiation over the past 100,000 years. In principle then, those measurements and the cosmic ray transport equation provide the means to study the time variations of the HMF, independent of any assumptions about solar magnetic fields in the past, their relationship to the historical sunspot number, or to the ad hoc assumptions used in parametric models of the solar and heliospheric magnetic fields.
[7] This paper develops the methodology that is required to invert the cosmic ray intensities as derived from 10 Be data to yield the strength of the HMF as a function of time. It then uses the 10 Be data for the period 850-1958 AD to demonstrate the application of this inversion procedure. It examines, in particular, the variations in the HMF during Figure 2. The 21 -24 year running average concentration of 10 Be measured in Greenland and South Pole ice cores. The data are three point running averages of the original 7 -8 year average data, after correcting for the secular change in the geomagnetic field. The four Grand Minima, where the concentration reached peak values, are Oort (1050 AD), Spoerer (1420 -1540), Maunder (1645 Maunder ( -1715 , and Dalton (1810 -1820), while five periods of high solar activity and minimum concentration are also marked. the two ''grand minima,'' the Spoerer (1420 -1540) and Maunder (1645 -1715) minima, and shows that the HMF was still relatively strong and that it varied considerably with time. Finally, the paper compares the strength of the HMF, as inverted from the 10 Be data, with the predictions of two of the parametric models of the HMF.
Cosmogenic Data
[8] Figure 2 presents the cosmogenic data from Greenland and South Pole that will be inverted as outlined in the preceding section. These cosmogenic data are from Beer et al. [1990, 1998] and Raisbeck et al. [1990] and have been described in detail by McCracken et al. [2004] . However, several features that have an important bearing on this analysis are summarized briefly.
[9] Experimental and climatic constraints mean that the 10 Be concentrations from the South Pole are derived from 7 to 8 year samples of ice, containing a ±6% pseudo noise due to the undersampled 11-year variations in the 10 Be content of the ice cores [McCracken, 2004] . To minimize this noise, the data in Figure 2 were obtained by averaging three successive measurements to yield 21 -24 year running averages. The consequence is that the 10 Be then represents only the average of the 11-year and 22-year solar cycles. While annual concentrations were measured at Dye 3 in Greenland, they were averaged over the same intervals used for the South Pole data to ensure comparability of the data. Comparison of the data in Figure 2 shows that there is good general agreement between the two data sets; thus in both records the 10 Be concentrations are high during the Gleissberg minimum of 1900, as well as during the Dalton (1810), Maunder, and Spoerer minima, and the percentage peak-totrough amplitudes are approximately equal. It is also clear, however, that there are some differences in the detailed time behavior that are probably due to meteorological factors such as variable snow precipitation. In the future, the use of additional cores will allow the detailed behavior to be determined more accurately.
[10] The dipole moment of the geomagnetic field has decreased by a factor of 25 ± 3% in the period displayed in Figure 2 [ McElhinney and McFadden, 2000] . The geomagnetic field prevents lower-energy cosmic radiation from reaching Earth, and as a consequence of the change, the concentration of 10 Be in the polar caps has increased by %8.5 ± 1% since 850 AD [McCracken, 2004] . To remove this source of error in the inverted heliospheric field, the effects of the changes in the geomagnetic field were removed, using a mathematical model of the production and deposition of the 10 Be as given by McCracken et al. [2004] and McCracken [2004] .
[11] The amplitude of the temporal variations in the 10 Be observed in the polar regions depends upon the amount of interlatitudinal mixing in the atmosphere prior to deposition. For example, for a given spectral change, the observed variation will be %28% greater for 10 Be produced at high latitudes than if the observed 10 Be approximates a global average (i.e., averaged over all geomagnetic cut-off rigidities). Studies by Steig et al. [1996] and Bard et al. [1997] have shown that the 10 Be observed in the Antarctic was produced primarily in the temperate and polar atmosphere, and McCracken [2004] has shown that this corresponds to his M3 atmospheric mixing model. Consequently, inversion of the data in Figure 2 will employ the M3 mixing model as outlined in Appendix A.
[12] Webber and Lockwood [2001] have used recent measurements of the high-energy cosmic ray spectrum to estimate the local interstellar spectrum (LIS). Webber and Higbie [2003] have used that and the FLUKA code to compute the 10 Be specific yield function, S i (P), as a function of rigidity, for the ith component of the galactic cosmic radiation (i.e., H, He, etc). Then the concentration of 10 Be in the polar cap is given by
where summation is over the different species in the cosmic radiation. The lower limit of integration corresponds to a geomagnetic latitude of 60°, and J i (P, t) is the modulated intensity spectrum of the cosmic rays. A ''mean cosmic ray energy'' to represent the 10 Be concentration can be calculated from this. However, the modulation is strongly time-and rigidity-dependent in a nonlinear manner, and the spectral shape changes greatly with time (see Figure 4) . Further, the modulation is species-dependent, and the He and heavier components contribute from 30 to 49% (depending on the modulation level) of the observed 10 Be [McCracken, 2004; Webber and Higbie, 2003] . In view of this, we do not calculate a mean cosmic ray energy but rather use expression (1) throughout this paper to invert the 10 Be data to changes in the cosmic ray spectrum and the heliospheric magnetic field.
[13] To allow the 10 Be data to be inverted to yield the strength of the HMF, we must estimate the 10 Be concentration that would be observed in the absence of any heliospheric modulation. We abbreviate this as the 10 Be(LIS). This is obtained from (1), using the Webber and Lockwood [2001] local interstellar spectrum. As described in the following, the ratio 10 Be(t)/ 10 Be(LIS) is then computed for the M3 atmospheric mixing model, as a function of the HMF, and used to invert the observed data. The next section describes our application of the theory of heliospheric modulation of galactic cosmic rays to establish the inversion of the 10 Be concentration to the strength of the HMF.
Heliospheric and Cosmic Ray Transport Model
[14] The basic structure of the heliosphere used for the space era (since about 1960) in this model has a supersonic solar wind that blows radially with a speed of 400 km/s in the ecliptic plane. During solar minimum conditions this wind speed gradually increases between 10°and 30°heliolatitude to 800 km/s, while at solar maximum conditions it blows at 400 km/s at all latitudes. These wind profiles are as observed by McComas et al. [1998] on the Ulysses mission. It is assumed that the heliosphere is azimuthally symmetric. As a consequence, all calculations are only valid for time averages longer than one solar rotation of 26 days. CaballeroLopez et al. [2004] found that nonsymmetric effects beyond the termination shock are important for the interpretation of observations in the outer heliosphere such as on Voyager 1 and 2 but that they have a negligible effect on observations at 1 AU. They found that for solar minimum conditions in 1997, the best data fit is obtained when the termination shock is placed at r s = 120 AU and the outer boundary of the heliosphere is placed at r b = 180 AU. This boundary physically corresponds to the heliopause that separates solar and interstellar material. At this boundary the local interstellar spectra (LIS) for cosmic rays are imposed, estimated by Webber and Lockwood [2001] as
in units of particles/(m 2 sr s Mev/nucleon) but with kinetic energy per nucleon, T, expressed in GeV/nucleon.
[15] At the termination shock, the solar wind speed is expected to drop discontinuously to a subsonic value by a factor s, which is the compression ratio of the shock. For a strong shock s = 4, while this value may be lower for the SWTS. Beyond that point the subsonic wind speed decreases as 1/r 2 , as required for incompressible flow. At solar maximum, when the SWTS is closer to the Sun due to the slower wind speed and ram pressure, we use r s = 90 AU and r b = 120 AU.
[16] The HMF structure is described by the standard Parker spiral magnetic field, given in spherical polar coordinates (r, q, f) by B = B e (r e /r) 2 (e r À tan ye f ), with tan y = Wr sin q/V, where W is the angular frequency of solar rotation and V is the solar wind speed. The observed values of the field at Earth, B e , vary from 5 nT at solar minimum to 10 nT at solar maximum conditions ( Figure 1 ). The value of W/V = 1 AU À1 if V = 400 km/s and W = one solar rotation per 27.27 days. This field is suitably modified at high latitudes according to the theory of Jokipii and Kota [1989] , with the parameters as used in the work of Caballero-Lopez et al. [2004] . In one 11-year solar activity cycle the spiral is directed away from the Sun in the northern hemisphere and toward it in the southern hemisphere. In the opposite magnetic state, which pertains during the next 11 years, the field directions are reversed to lead to a 22-year heliomagnetic cycle. At the termination shock the dominant azimuthal component of the field increases discontinuously by a factor s, while the small remaining radial component is continuous, as required by Maxwell's equations. In the heliosheath the field increases proportional to radial distance because the Parker spiral formula above shows that it piles up in the slowing solar wind. This causes a magnetic wall, at least at the nose and flanks of the heliosphere, and the dissipation of this field into the eventual interstellar field is being studied extensively [e.g., Florinski et al., 2003] . Caballero-Lopez et al. [2004] have shown, however, that although most of the modulation occurs in the heliosheath, cosmic ray intensities at 1 AU are insensitive to the properties of the HMF outside the termination shock but only to the total amount of modulation experienced there.
[17] Cosmic ray particles scatter off the irregularities in this HMF. Since the irregularities are frozen into the solar wind, the cosmic rays are also convected outward with the wind speed, and as they are carried in the wind, they cool adiabatically due to the expansion of the wind with radial distance. It is expected that the adiabatic energy losses in the heliosheath will be negligble. The particles also experience gradient and curvature drifts in the background field structure. In the so-called positive drift cycle, when the northern field points away from the Sun, positively charged particles drift from high latitudes toward the ecliptic plane and outward along the tangential discontinuity near the ecliptic plane that separates the two field directions in the two hemispheres. This discontinuity is called the heliospheric neutral sheet. It nearly coincides with the ecliptic plane during solar minimum periods, but it becomes progressively inclined (and wavy due to solar rotation) toward solar maximum. The neutral sheet tilt angle, a, changes from a % 10°at solar minimum conditions to a % 90°at solar maximum. In the negative drift cycle the drift directions are reversed.
[18] These transport processes are described by the cosmic ray transport equation
first derived by Parker [1965] for the directionally averaged part of the cosmic ray distribution function, f(r, p, t), which is related to the intensity by j = p 2 f. The momentum variable, p, may be changed to rigidity, P, kinetic energy per nucleon, T, or particle speed b = v/c with the relationship
, where (A) and (Z) are mass and charge number, respectively, q(= Ze) is the charge of the particle, and E 0 = 938 MeV is the rest mass energy of a proton. Numerical solutions of this equation, and expression (1) will be used to calculate the 10 Be production rate as a function of time, in response to assumed changes in modulation parameters. In the transport equation, V is the solar wind velocity, while K (r, P, t) is the diffusion tensor which contains elements k k (r, P, t) and k ? (r, P, t), which describe scattering parallel and perpendicular to the background HMF. In the azimuthally symmetric model used here, the effective radial and latitudinal combinations of these coefficients,
determine the amount of modulation . The diffusion tensor also contains an antisymmetric coefficient, k T = bP/(3B), which describes gradient, curvature, neutral sheet, and shock drift effects, derived by Isenberg and Jokipii [1979] and Jokipii and Thomas [1981] and reviewed by Moraal [2001] .
[19] The inversion method used to derive values of the HMF backward in time consists of the following steps. First, the cosmic ray transport model is calibrated to actual cosmic ray observations during the present era, i.e., since about 1960. This means that transport parameters are used in solutions of the transport equation such that it explains these observations. Next, these transport parameters are related to the properties of the HMF through diffusion theory. In the third step these results are then used to invert the observed 10 Be to yield the equivalent strength of the HMF. The next three sections describe these processes.
Transport Parameters Calculated From Cosmic Ray Observations
[20] The cosmic ray intensities used in this paper were observed by Pioneer 10 and 11, Voyager 1 and 2, and IMP 8. These measurements are shown as a function of radial distance in Figure 3 for T = 175 MeV H and T = 265 MeV/nucleon He. The upper, triangular points were observed during the solar minimum periods of 1977 and 1997. The innermost points were observed in 1977, while the two outlying ones are the Voyager 1 and Voyager 2 data at 70 AU, 34°N, and 54 AU, 24°S in 1997. Similarly, the solar maximum data points, denoted by the lower rectangles, were observed by the same group of spacecraft during the solar maximum years 1982 . McDonald et al. [2001a and Caballero-Lopez et al. [2004] found that the modulation conditions for 1977 and 1997 solar minima were quite similar. Figure 3 indicates that the modulation during the 1982, 1990, and 2000 solar maximum periods were also similar when properly normalized [McDonald et al., 2003 ]. Therefore we shall refer to the combined data sets as the ''1997 solar minimum'' and the ''2000 solar maximum'' observations. The intensities in these plots are relative to the estimated LIS values of (2) and (3) at these energies. Intensity spectra are available at each of the locations in Figure 3 , but only the IMP8 spectra that were observed at Earth in 1997 and 2000 are shown in Figure 4 . These spectra are augmented by the BESS spectra, measured with high-altitude balloons, and taken from Myers et al. [2003] . These BESS spectra cover a broader range of kinetic energies than those observed on the spacecraft, and they are statistically more accurate but restricted to less than 1 day and consequently influenced by short-term modulation events. The dashed lines in Figure 4 are the LIS values of (2) and (3), while the curves through the intensities in Figures 3 and 4 are the optimal numerical solutions of the transport equation (4), with transport parameters as outlined below. During solar maximum the BESS and IMP intensities differ because (1) they were observed at different times and over different time intervals, and (2) the BESS spectra were probably affected by a large decrease associated with the Bastille Day (14 July 1997) SEP event. The numerical solutions (the solid lines) that were chosen are nearer to the IMP observations to emphasize the longterm intensity changes. Also notice that at solar maximum the He intensities are not fit by exactly the same parameters as the H intensities. The origin of this species dependence is unknown to us.
[21] The solutions of the transport equation are obtained as follows. At time t = 0 the heliosphere is filled with the full LIS everywhere. The HMF and solar wind are set to the values corresponding to solar minimum conditions, and radial and latitudinal diffusion coefficients
are chosen at this time. The solution is advanced in time with these steady parameters in steps of 18 hours each for 2 years, until the cosmic ray intensity reaches an asymptotic value. This represents the 1997 solar minimum intensity. From this time onward, k rr and kare varied harmonically with time, with a period of 11 years. This is a first-order approximation for the solar cycle, and refinements of this profile, such as with higher harmonics, do not have an influence on the modulation amplitude from solar minimum to maximum. Simultaneously, the solar wind at latitudes above 30°is reduced from 800 km/s to 400 km/s, the tilt angle of the wavy neutral sheet is increased from 10°to 90°, and the drift coefficient k T is reduced with a factor of 3 from solar minimum to solar maximum, using the same harmonic function. These time variations produce a near-harmonic variation in the cosmic ray intensity over the 11-year cycle. The minimum intensity then corresponds to the solar maximum year 2000. The direction of the HMF is changed every 11 years at solar maximum to produce alternating qA > 0 and qA < 0 drift cycles.
[22] The spatial dependence and the numerical values of the parameters that reproduce the 1997 solar minimum fits in Figures 3 and 4 are k rr 0 = 10.8 Â 10 22 cm 2 /s, k0 = 9.0 Â 10 22 cm 2 /s, f(r, q) = 2 À cos q, g(r, q) = 1, and B e = 5 nT. Caballero-Lopez et al. [2004] showed that this spatial dependence of k rr and kproduced the optimal fit to the 1997 observations. The amplitude of the harmonic variation is such that at solar maximum k rr and kare 30% of the solar minimum values above. The calibration process to deduce the magnetic fields in the past is based on this number. Since the time variations of k rr and kover the solar cycle are the same and since these two coefficients are linear combinations of k k and k ? according to (5), we shall henceforth refer only to the time variation of k.
Diffusion Coefficients Related to the Magnetic Field
[23] The relationship between the diffusion coefficients and the magnitude of the HMF is the central hypothesis of this paper. This relationship is uncertain due to our incomplete knowledge of turbulence and diffusion processes in the solar wind and heliospheric magnetic field. We do not yet understand how the integrated effect of solar controlled changes in the HMF combine to produce the 11-year modulation cycle. The relevant solar processes are solar activity in the form of coronal mass ejections (CMEs), highspeed solar winds originating from coronal holes, and changes in the Sun's open magnetic flux that is the source of the HMF. This uncertainty is reflected in the continuing debate on which of these is the dominant process. We believe that a key factor is the phenomenon of global merged interaction regions (GMIRs) [Burlaga et al., 1984 [Burlaga et al., , 1985 McDonald and Burlaga, 1997] , which form and evolve at increasing heliocentric distance through the coalescence of interplanetary shocks and corotating interaction regions, produced by CMEs and high-speed solar wind streams. Cane et al. [1999] , however, proposed that over a solar cycle the variations in the field strength of the HMF can be decomposed into gradual, long-term changes, with superimposed GMIRs playing a lesser role.
[24] The newest theories, especially for diffusion perpendicular to the background field, are described by, e.g., Teufel et al. [2004] . In what follows, we use the more traditional version of quasi-linear diffusion theory to explore the relationship.
[25] From the quasi-linear theory for diffusion parallel to the background HMF we have from Zank et al. [1998] , Giacalone and Jokipii [1999] , and Florinski et al. [2003] that
where s 2 = hdB 2 i and l c is the correlation length of the field. The relationship between parallel and perpendicular diffusion is given by
for three different scenarios, namely the hard-sphere scattering model of Gleeson and Axford [1967] , the quasi-linear scattering theory of Forman et al. [1974] , and TGK formalism of Bieber and Matthaeus [1997] . The numerical experiments of Giacalone and Jokipii [1999] also substantiate this form, at least for small values of l c . In the weak scattering limit, where l k ) r g , this leads to
This limit is the appropriate 1 because r g % 0.004P(GV) r (AU) AU, while the diffusion coefficients in (6) and (7) imply
) AU ) r g . Now, from (5) it follows that in the inner heliosphere, where y is small, the modulation process is dominated by k k , while in the outer heliosphere it is dominated by k ? . Numerical solutions of the transport equation, such as those of Caballero-Lopez et al. [2004] show that intensities at 1 AU are still dominated by the diffusion coefficients in the outer heliosphere because the total amount of modulation is due to the diffusion coefficient integrated over radial distance. Therefore the most important coefficient is
which follows from (8) for l c ( r g and from (9). We shall also keep track of
which again follows from (8) but this time for l c ) r g . For simplicity we shall henceforth drop the subscripts ''outer'' and ''inner.'' These formalisms may not apply in the heliosheath where the field and scattering conditions are highly uncertain, but Caballero-Lopez et al. [2004] showed that the cosmic ray intensity at 1 AU is primarily sensitive to the total amount of modulation in the heliosheath and not to the specific spatial dependence of the diffusion coefficients there.
[26] The ratio of these coefficients for solar maximum and solar minimum conditions is given by The relation between the diffusion coefficients and field values is now based on the following two numbers: first, from Figure 1 The second number is the change of k rr and kfrom solar minimum to solar maximum determined in the previous section. Since these coefficients are dominated by k ? in the outer heliosphere, this means that we should take (k ?,max /k ?,min ) = 0.3 in (12). Then, if s 2 / B 2 , independent of solar cycle and radial distance [e.g., Burlaga, 2001] , it follows from (12) that the change in correlation length over the solar cycle is given by l c,max /l c,min = 0.3.
[27] Although this number seems reasonable, the actual magnitude and temporal behavior of this correlation length is unknown. It can, for example, be altered significantly by the presence of CMEs in the heliosphere. Webb and Howard [1994] have shown that the frequency of occurrence of CMEs is well correlated with the sunspot number. Between 1997 and 2000 the annual sunspot number increased from $10 to $120, implying that the number of CMEs increased rapidly from $0.2 to $3.5 CMEs per day from sunspot minimum to maximum. A CME takes $400 days to reach the termination shock, and consequently there were $1400 CMEs embedded in the heliosphere in 2000 compared with $50 in 1997. These CMEs contained strong shocks and Alfven waves, while many of them coalesced into global merged interaction regions (GMIRs), and this suggests that l c must have been considerably smaller in 2000 than in 1997.
[28] When the above numbers for the ratios of k ? , s 2 , and l c are used in (13), it leads to (k k,max /k k,min ) = 0.37 ± 0.04. This means that the standard quasi-linear theory, together with the HMF observations, provides a consistent picture because both the parallel and perpendicular coefficients decrease by a factor of %3 from solar minimum to maximum, and this agrees with the similar decrease in k rr and kas found from the modulation calibration in Figures 3 and 4 of the previous section.
[29] The implied decrease of k k with solar activity agrees with observations of McDonald et al. [2001b] . From a force-field analysis of the cosmic-ray radial density gradient over three solar cycles, they found that the effective radial diffusion coefficient at 3 AU changes at least by a factor of 1.8 during these cycles. Since the observations were done in the inner heliosphere and since gradients are sensitive to local scattering conditions, the diffusion coefficient should be representative of k k in this case.
[30] This result is based, however, on the assumption that the relative field variance, s 2 /B 2 , stays constant over the solar cycle. This variation is also unknown, especially in the outer heliosphere. Therefore in the next step we let l c and s 2 be arbitrary powers of B, given by l c / B Àl and s 2 / B s . Then we have from (12) and (13) that
[31] One expects that both l and s are >0. Among a wide combination of choices, there are three that lead to a realistic and similar dependence of k ? (in the outer heliosphere) and k k (in the inner heliosphere) on B:
3:
Notice that for each of these three cases the two coefficients that determine k rr and khave approximately the same B dependence so that one is justified to use them in the linear combination (5).
[32] These cases can be interpreted as follows. In case 1 the correlation length and variance vary only moderately with field strength (i.e., by implication with solar cycle). This produces a weak dependence of k on B, i.e., k / 1/B. This relationship is often used in modulation modeling work, e.g., Reinecke et al. [2000] . However, the analysis leading to (12) and (13) suggests that in the standard quasilinear picture, case 2, where k / 1/B 2 , might be more appropriate. In this model the correlation length decreases faster with B (or solar activity), which can be regarded as a measure of stronger importance of larger-scale transient effects, such as CMEs, discussed above. Finally, in case 3, where k / 1/B 3 , the modulation is driven strongest by transient effects such as CMEs, which means that it is least dependent on the global value of B.
Calculation of Magnetic Fields in the Past
[33] Using the results above, we can now parameterize the concentration of 10 Be as a function of the diffusion coefficients. The majority of the 10 Be data at our disposal are 22-year averages, and the parameterization must therefore be in terms of the appropriate average condition for such a magnetic cycle. To do this, we use B e = 6.25 nT as the average field for the present epoch, based on the observations of 4.9 and 7.5 nT in 1997 and 2000, respectively. We also use an average tilt angle of 40°o ver an entire heliomagnetic cycle and a latitudinal solar wind profile that is intermediate between the solar minimum and solar maximum profiles; i.e., the speed increases from 400 km/s in the ecliptic plane to only 600 km/s (instead of 800) at high latitudes. With these average conditions, we now select a range of k and calculate the corresponding cosmic ray spectra using the transport model. Using those spectra and (1), the 10 Be(1, k) concentration as defined in Appendix A was computed. Following the procedure outlined in Appendix A, these estimates were then divided by 10 Be(1, LIS) to yield 10 Be(1, k)/ 10 Be(1, LIS). Figure 10 was then used to convert to the normalized ratio 10 Be(3, k)/ 10 Be(3, LIS) that applies to the M3 atmospheric mixing model, and this ratio is plotted versus k in Figure 5 . The entire procedure was done twice, once for the average state of the qA > 0, and once for the qA < 0 drift cycle. The relatively small difference between the two curves indicates that drifts do not have a large effect on the results. In fact, we relate the 22-year average 10 Be concentration to k by using the average of these two curves. By using this procedure, the computations based upon the transport equation are now directly comparable with the observed 10 Be data (thereby making allowance for the interlatitudinal mixing, as deduced by Bard et al. [1997] ).
[34] For information, the original two calibration points, corresponding to the solar minimum and maximum conditions in 1997 and 2000, i.e., corresponding to the observations of Figures 3 and 4 Finally, based on (14) and (15), we write the 22-year average value of k at time, t, in terms of B as
where the averages are over the heliomagnetic cycle.
[35] The result for the HMF back to 850 AD is shown in Figure 6 for the values a = 1, 2, and 3. The most significant implication is that the 22 year average values of the magnetic field during the Oort (1050 AD), Spoerer, and Maunder minima were relatively high, in the range 1.6 to 5 nT, depending on the value of a. They were certainly not negligible as assumed in some of the models of the open field, e.g., Solanki et al. [2000 Solanki et al. [ , 2002 .
HMF During the Spoerer Minimum
[36] The results of the previous section have established that the HMF was not negligible during the grand minima of solar activity. One can also investigate how turbulent these fields might have been during these minima and whether this turbulence showed any time variation. Among others, Beer et al. [1998] and McCracken et al. [2004] have previously shown that the 10 Be data exhibit substantial variations during the Maunder and Spoerer minima and concluded that this meant that there was substantial modulation during these minima. As an example, Figure 3 in the companion paper Be concentration during the Spoerer minimum are shown on an inverted scale in Figure 7 . Large, 20 to 25%, variations persist throughout the duration of the minimum, with a period of 6 to 10 years, reminiscent of a solar activity cycle. Annual average HMF values were calculated with the inversion procedure of the previous section as follows: The peaks in the intensities were considered to be at ''solar minimum'' conditions, where the neutral sheet tilt angle was taken as a = 0°. Conversely, the minimum concentrations were treated as ''solar maximum'' conditions, with a = 90°. Concentration levels in between these two extremes were assigned different values of a, in steps of 10°each, in between these limits. A set of ten 10 Be inversion curves, such as those in Figure 5 , was then used to find the equivalent k, and B from (16), for the relationship k / B À2 . The solar wind speed was taken as a constant 800 km/s at all latitudes because Parker [1975] has suggested that during the Maunder and other grand solar minima, the whole solar corona approximated a single, large coronal hole. Satellite measurements show that the solar wind from these coronal holes has a speed in the vicinity of 800 km/s, suggesting that this may apply during the grand minima.
[38] The derived field values show substantial variations of %20% around the average value of 1.8 nT. This average value is much lower than the 4 nT for the period 1420 tõ Be concentration of 0.75 observed at South Pole during the Spoerer minimum (and used in Figure 6 ) and the Greenland value of 0.55 used here. This difference will be discussed in the next section.
[39] The residual modulation during these minima was probably caused by the usual time-varying processes of diffusion, convection, drifts, and energy changes. It is, however, well-known, e.g., Jokipii and Thomas [1981] and Potgieter and Le Roux [1992] , that the change in tilt angle of the wavy neutral sheet is also a modulation mechanism. As solar activity increases, the sheet becomes progressively more inclined relative to the ecliptic plane, which inhibits particle transport, in particular during the qA < 0 cycle when particles drift inwards along the sheet. This raises the interesting possibility that the (reduced) field and turbulence conditions during the grand minima may have been fairly constant with time and that the residual modulation could have been caused by the excursion of the wavy sheet alone.
[40] This hypothesis was investigated as follows. Be concentration during the Spoerer minimum, relative to the 10 Be(3, LIS). The numbers on the top of the figure show that the periods of these variations ranged from 6 to 10 years. Using the numerical model based on the cosmic ray transport equation and equations (1) and (16) for k / B À2 and for the neutral sheet varying sinusoidally between 0°and 90°, we computed the variation in 10 Be for the following cases. In the top panel of Figure 8 we used constant field of 2.3 nT and a constant solar wind speed of 800 km/s at all latitudes. Therefore the only modulation parameter is the tilt angle of the wavy neutral sheet. This produces a considerable difference between the intensities in the qA > 0 and qA < 0 cycles, which is a well-known drift effect. The variation within these cycles is, however, much smaller than observed, implying that the tilt angle cannot be the only modulation parameter. Therefore in the bottom panel of Figure 8 , we also let B (and therefore k / B À2 ) vary, which then produces the correct modulation amplitude. Thus we conclude that the modulation during these minima could not have been due to the excursion of the wavy sheet alone and that the weak field and its turbulence must also have changed periodically, in response to periodic changes in solar activity.
Discussion and Conclusions
[41] The foregoing sections have deduced that the HMF was in the range 1.6 to 5 nT during the Oort, Spoerer, and Maunder minima, depending on the value of a in the relationship k / B Àa . This is the first quantitative estimate of the field during these minima that is based upon experimental data and may be expected to have widespread implications. We therefore examine its significance and accuracy and discuss its implications.
Accuracy of the Derived Field Values
[42] As described in section 2, the estimate of the concentration of 10 Be that corresponds to the unmodulated LIS, 10 Be(3, LIS), is used to compute the strength of the HMF, and consequently errors in it will influence the estimate of the HMF. McCracken et al. [2004] have estimated that the standard deviation of the 22 year averages of the 10 Be data were $4%. This uncertainty in 10 Be(3, LIS) has little impact upon the results of the inversion when there is substantial modulation. For periods of low modulation, however, this statistical error introduces uncertainty into the estimated strength of the HMF. For example, in Figure 6 , for k / 1/B, the HMF strength is estimated to be 2.0 nT for the 22 year average centered at 1530. The one standard deviation points above and below the 10 Be(3, LIS) change this estimate to 2.4 and 1.6 nT, respectively.
[43] Another uncertainty stems from the approximately 40% difference in absolute values of the 10 Be concentration between the South Pole and Greenland cores that is probably due to systematic errors in the estimation of the two values of 10 Be(LIS). As was shown in Figure 8 , the Greenland core implies field values that may be 50%, 30%, and 20% lower (for a = 1, 2, and 3 in k / B Àa , respectively) than the values derived from the South Pole core. In recent years, several new ice cores have been obtained from both the Arctic and Antarctic, and they will allow further refinement of the estimate of 10 Be(3, LIS) in the future.
[44] The greatest uncertainty in the estimates of the HMF is due to our present uncertainty of the dependence of k on B. As was shown for the k / B Àa relationship, the three lines in Figure 6 correspond to situations where the decrease in correlation length and field variance from solar minimum to solar maximum are moderate (a = 1) to strong (a = 3). This latter case is expected when large-scale, transient structures, such as CME-related fields, play an increasingly important role during periods of high solar activity.
[45] When evaluating the results in Figures 6, 7 , and 8, one must also remember that the underlying modulation parameter in the solution of the transport equation that governs the general level of the modulation is Vr/k, or VrB a [e.g., Caballero-Lopez and . Thus a doubling of the solar wind speed, V, at low heliographic latitudes from 400 km/s to 800 km/s would imply that B was a factor 2 À1/a below that estimated in Figure 6 .
[46] Despite these uncertainties, the continued variability of 10 Be during the Maunder and Spoerer minima is an unambiguous indication that there were substantial magnetic fields in the heliosphere throughout these periods of low solar activity. Taking the liberal assumptions of a solar wind speed of 800 km/s and a = 1, we conclude that the lower limit for the average HMF at Earth during the grand minima is perhaps 2 nT. If the Greenland core is used, this value will be 1 nT.
Temporal Behavior of the HMF
[47] From Figure 6 , it is clear that the HMF near Earth is presently near the same maximum value that has been attained on six previous occasions in the past 1150 years. This is a striking result, suggesting that a limiting mechanism is in operation. This may be located at the Sun (e.g., a limit on the solar magnetic flux) or in the process that transports the open fields from the Sun into the heliosphere. Figure 6 also shows that the HMF has repeatedly returned to similar values ($3.5 nT for a = 2) during the Oort (1050), Spoerer (1420 -1530), and Maunder (1645 -1715) sunspot minima and that it remained at those low values for extended periods of time (e.g., 1420 -1550, 1660 -1710).
Finally, Figure 6 shows that the HMF tends to switch rapidly from low values (3 nT) to high values (5 nT). This is most clearly seen $1350 AD, $1600 AD, and $1710 AD, and it is clear that these rapid transitions occur in periods <40 years.
Comparison With Other Field Estimates
[48] We now compare these field values with those estimated by other means. Lockwood et al. [1999] used the observed values of the geomagnetic aa activity index from 1870 to 2000 to conclude that the total magnetic flux leaving the Sun increased by a factor of 2.3 between the averages over the 11 year intervals centered on 1901 and 1958. Using features of the daily variation of the geomagnetic field, Svalgaard has argued that the increase from 1901 to 1958 was considerably smaller (a factor of 1.2) (L. Svalgaard, private communication, 2004) . Both of these estimates are based upon observable impacts of variations in the magnetic energy density of the solar wind upon the Earth's magnetosphere and are therefore completely independent of our estimates. Our estimates of the 22-year average field strength yield an increase of 1.6, 1.3, and 1.2 (for a = 1, 2, and 3) in field strength over the same period and are more consistent with the estimates of Svalgaard than those of Lockwood et al. [1999] .
[49] Scherer and Ficthner [2004] used a multifluid model of the global heliosphere to show that the variation of the heliospheric boundary regions by itself cannot account for the cosmic ray increase during the Maunder minimum. Although that analysis only uses a one-dimensional, energy-integrated cosmic ray model, they conclude, in agreement with our finding, that the cosmic ray diffusion coefficient must also have undergone an increase. This implies that the HMF must have undergone an ''intrinsic'' decrease during these minima. Usoskin et al. [2002] made a similar conclusion by using the force-field approximation for the cosmic ray modulation.
[50] Lockwood [2001] used a linear regression between the coronal source flux, as derived from the geomagnetic aa index, and the 10 Be data from Greenland, to extrapolate the solar source flux back to 1423. His data estimate that the source flux increased by a factor of 2.0 from the Dalton, and 3.3 from the Maunder minimum, to 1958. The corresponding increases from Figure 6 are factors of 1.47 and 2.1 for a = 2. The difference between the Lockwood estimates and those herein are due to a number of factors that include (1) Lockwood not having allowed for the changes in 10 Be as a result of changes in the geomagnetic field, (2) his implicit assumption that the solar wind speed had not varied over time, (3) the uncertainties introduced by a linear extrapolation of the regression relationship obtained in the 20th century to a period when solar and heliospheric conditions were very different [Usoskin et al., 2002] , and (4) the uncertainty of the inversion process represented by the range of values of a and in 10 Be(LIS).
[51] Solanki et al. [2002] and Schrijver et al. [2002] have developed mathematical models that use the historical values of sunspot number to predict the variations of the open solar flux since 1700. Solanki et al. [2002] assumed that since the sunspot number was zero for most of the interval from 1650 to 1700, the flux of the HMF would also have been zero during this period. They then modeled the subsequent development of the HMF between 1700 and 2000. Figure 9 plots their open flux estimates against the B values obtained herein. The correlation coefficient of 0.85 indicates that the variations between the methods agree, but the slope and offset imply that the Solanki variations are 2 to 5 times larger than ours.
[52] The Schrijver et al. [2002] model yields correlations with our estimates of B that are similar to those in Figure 9 . McCracken et al. [2004] have paid attention to the ''precipitous decrease'' in the cosmic ray intensity between 1700 and 1739; this corresponds to the rapid field transition from 3.5 nT to 6 nT near 1700 AD in Figure 6 (for k / B
À2
). This ''precipitous decrease'' occurred at a time characterized by low but rapidly increasing solar activity. Thus for the four solar cycles starting %1690, the peak sunspot number rose rapidly, in a monotonic manner, from %1 to %50. The Solanki et al. [2000 Solanki et al. [ , 2002 and Schrijver et al. [2002] models are both nonlinear models that use the sunspot number as an input. Figure 9 (and a similar figure for the Schrijver model) shows that both models successfully predict the Figure 9 . Correlation between B at Earth shown in Figure 6 and the Solanki open flux . The full squared points are for 1700 and 1739. rapid increase in HMF inferred from the precipitous decrease in the 10 Be data.
[53] In conclusion, we have shown that the HMF was relatively strong and that its turbulence varied during the Grand Minima of solar activity. We have further shown that the HMF has exhibited similar high values on seven separate occasions over the past 1150 years, suggesting that there was a limiting mechanism in operation at the Sun or in the heliosphere. These are important conclusions, and further investigation is clearly warranted. There are two independent avenues for those investigations: (1) The use of the 10 Be data from more ice cores to reduce the uncertainties in the long-term variability of the 10 Be record and to improve the statistical accuracy of the 10 Be modulation effects during the Grand Minima, and (2) the use of modern measurements of the solar plasma, magnetic field, and other data such as that provided by the geomagnetic record to set limits on the time variability of the correlation length of the magnetic irregularites over the solar cycle and over historic time. This would lead to a better knowledge of the appropriate value of a in (16). This, in turn, would lead to a better understanding of the absolute value of the strength of the HMF during the Grand Minima and reduce the uncertainty evident in Be observed in the polar regions depends upon the amount of interlatitudinal mixing in the atmosphere prior to deposition [Bard et al., 1997; McCracken, 2004] . For example, for a given level of modulation, the GCR depression below the LIS value will be %28% greater for 10 Be produced at high latitudes than if the observed 10 Be approximates a global average (i.e., averaged over all geomagnetic cut-off rigidities). Studies by Steig et al. [1996] and Bard et al. [1997] have shown that the 10 Be observed in the Antarctic was produced primarily in the temperate and polar atmosphere, and McCracken [2004] has shown that their conclusions correspond to his M3 mixing model.
[55] Let 10 Be(M, t) be the 10 Be sequestered at time t, for mixing model M. Using the mathematical model described by McCracken [2004] , Figure 10 plots the ratio 10 Be(3, t)/ 10 Be(3, LIS) versus 10 Be(1, t)/ 10 Be(1,LIS). As noted above, the 10 Be modulation is smaller for M3 than for M1.
[56] Equation (1) integrates from a geomagnetic cutoff of 1 GV; that is, it refers to the case where all the 10 Be has been generated in the polar atmosphere (that is, M1). Using it, the Webber and Lockwood [2001] LIS spectra (expressions (2) and (3)) yield 10 Be(1, LIS). Likewise, the spectra predicted by the transport equation, together with (1), yields 10 Be(1, k) as a function of the diffusion coefficient k. In preparing Figures 6, 7, and 8, we computed the ratio 10 Be(1, k)/ 10 Be(1, LIS) and then used Figure 10 to convert to 10 Be(3, k)/ 10 Be(3, LIS), as plotted in the figures. In so doing, the observed data are made directly comparable to the computations based upon the transport equation. The 10 Be(3, LIS) was estimated as follows. Using the best fit cosmic ray spectra in Figure 4 and (1), the 10 Be concentrations corresponding to 1997 and 2000 were computed and averaged to yield the ''calibration estimate'' of 10 Be(1, calibration). The ratio 10 Be(1, calibration)/ 10 Be(1, LIS) was then computed, and the corresponding value of 10 Be(3, calibration)/ 10 Be(3, LIS) was read from Figure 10 . The average observed 10 Be concentration for the modern epoch was divided by that ratio to yield the estimate of 10 Be(3, LIS) used herein.
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